A high-refractory Ni-based superalloy prototype was melted on a research scale while simulating industry practices. Ingots were vacuum induction melted and subjected to a computationally optimized homogenization heat treatment prior to fabrication which consisted of forging and hot rolling. Failure of one of the ingots at the early stage of the forging process was attributed to the precipitation of the b-NiAl phase during melting which stabilized the eutectic constituent.
A high-refractory Ni-based superalloy prototype was melted on a research scale while simulating industry practices. Ingots were vacuum induction melted and subjected to a computationally optimized homogenization heat treatment prior to fabrication which consisted of forging and hot rolling. Failure of one of the ingots at the early stage of the forging process was attributed to the precipitation of the b-NiAl phase during melting which stabilized the eutectic constituent. Controlled melting and refining practices such as vacuum induction melting (VIM), electroslag remelting (ESR), and vacuum arc remelting (VAR) are essential to ensure the production of clean Ni-based superalloys. [1] When properly done, the resulting ingots contain minimal amounts of inclusions and low concentrations of tramp elements such as nitrogen, sulfur, and oxygen. [2, 3] A significant number of factors need to be taken into account during VIM which, if not properly assessed, can alter the melting process and ingot quality. For example, the pour and superheat temperatures are critical with respect to inclusions and proper mixing of all elements. Furthermore, the loading sequence of the melt-stock material is of upmost importance to avoid reactions forming undesirable phases. In standard industry practices, reactive elements such as Al and Ti are added to the melt as late additions using a feeder. This prevents the formation of oxides and nitrides and minimizes the in-melt time for low melting elements in order to avoid burning off. [4] Those standard practices are well suited for the fabrication of commercial, well investigated, alloys at a large scale. During the development of new alloys, however, limitations can be encountered often related to the laboratory scale used to explore various novel compositions. From the authors' experience, the addition of Al from a feeder to the liquid metal during VIM often resulted in an exothermic reaction where the Al granules erupted when entering the liquid. In this investigation, the effect of having raw Al in the crucible during melting is explored. Attention is given to Al burn off and the formation of undesirable phases.
A high-refractory (Co, Cr, W, Mo, Fe, Al, Ti, Nb, B, C-containing) Ni-based superalloy composition was investigated. Two heats of the alloy composition were VIM'ed from raw stock materials in a zirconia crucible. For each heat, the charges of total weight of 7100 g were loaded in the crucible in the following order: Ni, Al, Co, Mo, Fe with a 3150 g Ni-30Co-30Cr master alloy placed on top. The master alloy was produced using combinations of VIM and ESR to reduce the amount of tramp elements and avoid the presence of raw Cr during melting of the superalloy. [5] Finally, W, Ti, and Nb were placed around the master alloy. The W strips used were placed in such a way as to control the feeding of the master alloy during melting. In the second heat, larger W strips were used to slow down feeding and leave the raw charges in liquid state for a longer period of time. Both heats were melted to a superheat temperature of T L + 50 K, where T L is the liquidus temperature of the alloy determined using Thermo-Calc. [6] The heats were poured into 75-mm-diameter graphite molds to form 150-mm-height cylinders for fabrication. Slices were cut from the ingots for composition measurements using X-ray fluorescence and tramp element concentrations were measured at under 10 ppm N and O and~12 ppm S, for both heats using LECO analysis methods. Experimental liquidus temperatures were obtained using differential thermal analysis (DTA). Experimental details and standards can be found in Reference 5. The ingots were then homogenized following a computationally optimized heat treatment [7] and fabrication was performed using identical parameters and consisted of several forging operations following by hot rolling with reheats following each step.
During melting of the two heats, overheating of the loose charges occurred due to the master alloy feeding slowly. In Heat 2, the melt pool was observed to attain higher temperatures by observation of the pool color, unfortunately, no temperature measurement was possible at this state. However, the loose charges were observed to stay in liquid prior to the master alloy falling in for 1 and 3.5 minutes in Heat 1 and 2, respectively. Scanning electron microscopy (SEM) images of the as-cast condition are represented in Figure 1 for both heats. Interestingly, although containing identical nominal compositions and pour conditions, Heat 2 contained a higher fraction of eutectic than Heat 1, identified in bright gray from backscatter imaging. Furthermore, precipitation of the b-NiAl phase (identified using energy dispersive spectrometry Tables I and  II with averages and standard deviations over 5 regions on the EDS for each condition. The NiAl precipitates appear in a range of sizes in the cast condition from less than 0.3 lm to about 6 lm (mean Feret's diameter), as shown in Figure 3(a) . All are in contact with the eutectic, with the small NiAl precipitates embedded within. The eutectic region possessed an irregular morphology which can also be observed in Figure 1 (b). Following homogenization, as shown in Figure 3 (b), the smaller NiAl precipitates dissolved while the larger precipitates remained within the eutectic region with sizes ranging from approximately 0.5 to 4 lm. In general, the eutectic was found to be more intricate following homogenization which can be attributed to the dissolution of the smaller NiAl precipitates most likely by Ostwald ripening. Interestingly, the morphology of the eutectic region changed significantly from the cast to homogenized conditions. Following homogenization, those regions appeared somewhat blocky with concave edges, as shown in Figures 2(b) and 3(b) , as compared to the randomly elongated shapes of Figures 1(b) and 3(a) . Minimal changes in the morphology and distribution of the NiAl precipitates were observed from the cast to homogenized condition. The precipitates were found slightly less elongated, most likely resulting from the evolution of the eutectic phase.
From the EDS measurements, Table I , the NiAl phase was found to contain relatively elevated levels of Co and partitioning of Cr, Ti, and Fe. Little changes can be found from the cast to homogenized condition with the exception of a slight increase in Ni and decrease in Al and Nb content. The composition of the eutectic phase, however, was found to vary more significantly than the NiAl phase. When compared to the nominal composition, Table II , the eutectic region was rich in Ni, Nb, and W and partially depleted in Al, Cr, and Fe. The Al and Nb contents matched those of the nominal composition following homogenization, while the concentration of Cr, Fe, Co, and Ni remained relatively unchanged. Therefore, the Al concentration in the eutectic increased and the Nb content decreased from cast to homogenized state. Finally, the brightest precipitates observed in Figure 3 were tentatively identified as C14-Laves phase which, compared to the matrix, are rich in Co, Nb, Mo, and W and contain low levels of Al and Ni. EDS measurements were performed on Laves in the cast condition only as those precipitates either completely dissolved or considerably reduced in size following homogenization, and no reliable EDS measurements could be obtained.
Thermo-Calc simulations were ran using the TCNI8 and TTNI8 databases and the results did not predict NiAl to be a stable phase. Furthermore, Scheil simulations did not predict the precipitation of NiAl during non-equilibrium solidification but only FCC, C14-Laves, l phase, and the Nb carbides, as shown in Figure 4 . While the phase composition predictions were in relatively good agreement with the EDS results, no l phase was observed. Thus, with Heat 1 free of NiAl following homogenization, as shown in Figure 2 (a), NiAl is not a stable phase in the alloy composition investigated. The differences observed between the two heats must be associated with the melting process since both had identical compositions, melt constituent makeup, furnace charge loading, and homogenization treatment. Although the superheat temperatures were identical for both heats, the loose charges of Ni, Al, Co, Fe, Mo in Heat 2 remained in a liquid state for a longer period of time and were hotter than Heat 1 prior to incorporating the master alloy, Nb and W. This can be observed in Table III where the decrease in the Al content suggests considerable burn off during melting, with an additional 5 pct loss of Al in Heat 2 compared to Heat 1. Since Heat 2 had lower Al, it must have formed the NiAl phase during this longer, higher temperature period of the melt process compared to Heat 1. For each melt, once all charge materials were melted in, the liquid temperature was adjusted to the superheat temperature and poured into the mold. This superheat temperature is significantly lower than the NiAl solidus temperature, as shown in Table IV . Thus, any NiAl forming in the alloy during the high temperature Al-rich portion of the melt process would persist into the solid and their distribution would likely be throughout the ingot since their density is close to that of the alloy, as shown in Table IV . Thermo-Calc simulations were performed using the composition of the initial Al-rich liquid prior to the master alloy melting in. These calculations support the formation of a NiAl phase during this portion of the melt.
Although some NiAl phase was present in the cast condition of Heat 1, the overall amount was considerably lower and allowed for the dissolution of the eutectic and NiAl into the matrix during homogenization via solid-state diffusion, as shown in Figure 1 . Conversely, the concave edges of the eutectic regions of Heat 2 in Figures 2(b) and 3(b) may suggest uphill diffusion and growth occurring during homogenization, with the corners being most favorable for growth towards the matrix. [8] The inhomogeneous diffusion of certain elements can be observed in Figure 3(b) where the region designated by the black arrow has a different brightness than the matrix due to the higher concentration of heavier elements. This hypothesis is also supported by the homogenization of only certain elements in the eutectic phase from cast to homogenized state, as shown in Table II . Thus, the larger eutectic and NiAl regions did not dissolve during homogenization of Heat 2 but rather stabilized into blocky precipitates from diffusion mechanisms with the matrix.
Fabrication of the two heats resulted in catastrophic failure of Heat 2 as shown in Figure 5(b) . Failure occurred at the beginning of the forging process during the first upset forge consisting of a 19 pct reduction in the axial direction of the cylindrical ingot. The remaining eutectic and NiAl phase, as shown in Figure 5 (b), acted as preferential sites for stress concentration which induced cracking during deformation due to the differences in hardness. [9, 10] Failure occurred preferentially along the grain boundaries as the grain structure can be observed on the inset of the photograph of Figure 5 (b) and on the SEM image of Figure 6 (a). The SEM image of Figure 6 (b) shows evidence of crack propagation along a grain boundary containing the eutectic constituent (white arrow). With a homogeneous microstructure free of undesirable phases, Heat 1 underwent a successful fabrication process with each steps of forging and hot rolling completed, as shown in Figure 5(a) . The black dots on In summary, VIM of a Ni-based superalloy was performed with Al loaded low in the crucible to study the potential formation of undesirable phases. NiAl phase formed in the liquid when an Al-rich melt formed and was superheated for an extended period of time. The NiAl precipitates were contained within the eutectic phase following casting which resulted in blocky eutectic/NiAl regions which persisted after homogenization and resulted in failure of the ingot during fabrication. Shorter time and reduced intermediate melt-process superheat resulted in lower amounts of NiAl phase following casting and complete dissolution of the eutectic and NiAl phases during homogenization.
Finally, considerable burn off of the Al resulted from its presence in the crucible at all time of melting. This can be resolved by adding a calculated additional amount to the nominal composition of the alloy.
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